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Abstract 

We discuss the interpretation of the LHC Higgs data and the test of the Higgs mechanism. This is done in a more 
model-independent approach relying on an effective Lagrangian, as well as in specific models like composite Higgs 
models and supersymmetric extensions of the Standard Model. The proper interpretation of the data requires the 
inclusion of higher-order corrections both for the relevant Higgs parameters and the production and decay processes. 
We review recent results obtained within the Collaborative Research Centre / Transregio 9 “Computational Particle 
Physics”. 
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1. Introduction 

With the announcement of the discovery of a new 
scalar particle by the LHC experiments ATLAS m and 
CMS O particle physics has entered a new era. The dis¬ 
covery immediately triggered activities to study the na¬ 
ture of this particle. The determination of its properties 
like the spin and parity quantum numbers and the cou¬ 
plings to other Standard Model (SM) particles strongly 
suggest it to be a Higgs boson, i.e. the particle responsi¬ 
ble for electroweak symmetry breaking (EWSB). From 
the available data, however, it cannot be concluded yet 
that it is the SM Higgs boson. There is still room for 
interpretations within numerous extensions beyond the 
SM (BSM). At the same time, there is no hint for the ex¬ 
istence of new particles that might shed light on the true 
nature of EWSB, which can be weakly or strongly inter¬ 
acting. In view of no direct observation of new states, an 
effective Lagrangian for the light boson is needed that 
parametrizes our ignorance of the EWSB sector. Such 
an effective description is valid as long as New Physics 
(NP) states appear at a scale much larger than the Higgs 
boson mass, M » m/^. 

At the LHC the Higgs boson couplings cannot be 
measured without applying model-as sumptions. Only 
ratios of branching ratios, respectively, of couplings are 


accessible. In order to extract information on the Higgs 
boson couplings, fits are performed to the experimen¬ 
tally measured values of the signal strengths yu. The 
signal strengths yu quantify the Higgs signal rates in a 
specific final state X with respect to the corresponding 
SM expectation, and hence are equal to one for the SM 
Higgs boson. The effective Lagrangian provides a tool 
that allows to consistently depart from the SM and to 
calculate BSM rates that can then be used in the fit to 
the yu values. 

The ultimate step in the experimental verification 
of the Higgs sector is the measurement of the Higgs 
self-couplings. With the experimentally extracted self¬ 
couplings the Higgs potential can be reconstructed and 
its typical shape with a non-vanishing vacuum expec¬ 
tation value (VEV) can be tested. While the trilinear 
Higgs self-coupling is accessible in Higgs pair produc¬ 
tion, the extraction of the quartic self-interaction from 
triple Higgs production is beyond the scope of existing 
and future collider experiments. Due to the smallness 
of the double Higgs production cross sections and be¬ 
cause of large backgrounds the extraction of the trilin¬ 
ear Higgs self-coupling will be challenging and requires 
highest-possible energies and luminosities. 

In this report we will review Higgs boson phe- 
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nomenology at the LHC. We first investigate in Section 
a general parametrization of BSM Higgs physics in 
terms of an effective Lagrangian approach and its im¬ 
plementation into automatic tools for the calculation of 
Higgs decay rates and production cross sections. Fur¬ 
thermore, its application in fits to the experimentally 
measured yu values will briefly be discussed. Section 
is dedicated to the dominant Higgs pair production 
processes at the LHC and the higher-order corrections 
that we have calculated in order to improve the theoret¬ 
ical predictions. We give error estimates for the vari¬ 
ous processes and present the outcome of a parton level 
analysis in the gluon fusion process. The next two sec¬ 
tions are devoted to Higgs interpretations in BSM mod¬ 
els based on strong and weak interaction dynamics. In 
Section]^ we discuss the phenomenology of composite 
Higgs models as an example for strong EWSB. Section 
[^is devoted to supersymmetric extensions of the Higgs 
sector, Le. the minimal (MSSM) and Next-to-Minimal 
Supersymmetric extension of the SM (NMSSM). The 
last section closes the review by investigating Higgs 
coupling measurements at present and future colliders 
and what can be learned from these with respect to NP 
extensions beyond the SM. 

2. Interpretation of LHC Higgs Data 


over flavor indices has been implicitly assumed. Each of 
the operators Ou,d,i is assumed to be flavor-aligned with 
the corresponding mass term in order to avoid Flavor- 
Changing Neutral Currents (FCNC) through the tree- 
level exchange of the Higgs boson. This leads to the 
coefficients Cu,d,i being proportional to the identity ma¬ 
trix in flavor space. Assuming also CP-invariance they 
are taken to be real. Applying the power counting of 
Ref. (21, a naive estimate of the Wilson coefficients ci 
has been given in 0 . In the unitary gauge with canon¬ 
ically normalized fields, the SILH effective Lagrangian 
AXsilh can be cast into the form 

1 1 9 9 I ( 3^? "i ^ 

£ = -di,hd>^h--mlh^-C3-\—^\h^ 

if/=u,d,l ' 

/ h 

+ ml^W;W-^\\+2cw- + ... 

+ ^ “ "1" ■ ■ • I "t" • • ■ 


(cww ^ + Cz,, 


I- 

V 


The effective Lagrangian for the description of NP ef¬ 
fects that emerge at scales far beyond the EWSB scale 
is based on an expansion in the number of fields and 
derivatives. Its detailed form depends on the assump¬ 
tions that are applied. In view of the present LHC data 
it is reasonable to assume the Higgs to be CP-even and 
part of an 5 f/ {2)p doublet as well as baryon- and lepton 
number conservation. The leading NP effects are then 
given by 53 operators with dimension 6 OHH, consid¬ 
ering only one family of quarks and leptons. In case 
of CP-violation there are another 6 operators. In the 
strongly-interacting light Higgs (SILH) basis the effec¬ 
tive Lagrangian composed of the SM Lagrangian Xsm 
and the contributions from dimension-6 operators 0/ is 
given by (TllSI 

X = XsM + ^ C/0/ = XsM + AXsILH 

i 

-h AX.Fi AXv + AXaF • (1) 

The explicit form of Xsm and the Lagrangians AXi con¬ 
taining the dimension-6 operators, along with the con¬ 
ventions for the covariant derivatives and the gauge field 
strengths can be found in Ref. 0. The Wilson coeffi¬ 
cients Ci are matrices in flavor space, and a summation 


+ ([cwaw + h.c.) + czaz Zyd^Z^'' 

+Czdy ZvdfiY'''^ V 

Shown are terms with up to three fields and at least one 
Higgs boson. The couplings c/ can be expressed as func¬ 
tions linear in the Wilson coefficients of the effective 
Lagrangian Eq. Q- The explicit relations can be found 
in Table 1 of Ref. dO). In particular, as a consequence 
of the accidental custodial invariance of the SILH La¬ 
grangian at the dimension-6 level (51 the following two 
relations hold 

Fww ~ Fzz cos^^^ = Czy sin sin^^^ 

9 F Zdy 

cwdw - czdz COS Oyy = sin 26w . (3) 

A third relation, cw = cz, holds if additionally custodial 
invariance is required for AXsilh- Allowing for arbi¬ 
trary values of the couplings c/, Eq. ^ is the most gen¬ 
eral effective Lagrangian at C)(p^) in a derivative expan¬ 
sion by focusing on cubic terms with at least one Higgs 
boson and making two further assumptions, which are 
CP conservation and vector fields that couple to con¬ 
served currents. The Higgs field in Eq. Q needs not be 
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part of an electroweak doublet, so that the Lagrangian 
can be considered as a generalization of AXsilh- It con¬ 
tains 10 couplings involving a single Higgs boson and 
two gauge fields (hVV couplings, with V = W,Z,y,g), 
3 linear combinations of which vanish if custodial sym¬ 
metry is imposed If the electroweak (EW) symme¬ 
try is realized non-linearly, all Higgs couplings are in¬ 
dependent of other parameters not involving the Higgs 
boson. In a linear realization, however, only 4 hVV 
couplings are independent of the other EW measure¬ 
ments im. Therefore in custodial invariant scenarios 
it is impossible, by focusing only on hVV couplings, to 
tell whether the Higgs boson is part of an EW doublet. 
The doublet nature may be disproved by the decorrela¬ 
tion between the hVV couplings and the other EW data 

cMa. 

The parametrizations of BSM couplings in terms of 
the dimension -6 extension given by AXsilh as well as 
the one given by the non-linear Lagrangian Eq. @ have 
been implemented in the Eortran code Ehdeca^ do). 
Furthermore two benchmark composite Higgs models 
MCHM 4 Ca and MCHM 5 (m have been included. It 
is based on the code Hdecay (TSl [T3 for the compu- 
tation of decay widths and branching ratios in the SM 
and the minimal supersymmetric extension of the SM. 
All relevant QCD corrections, which generally factor¬ 
ize with respect to the expansion in the number of fields 
and derivatives of the effective Lagrangian, have been 
included by using the existing SM computations. The 
inclusion of the electroweak corrections in a consistent 
way is only possible in the framework of the SILH La¬ 
grangian and up to higher orders in (v//). Here v is the 
weak scale v 246 GeV, and / = M/g^ is given in 
terms of the NP scale M and the typical coupling of 
the NP sector. In Ehdecay the user can choose to take 
the EW corrections into account in case of the SILH 
parametrization. 

With the effective Lagrangian Eq. ^ at hand, the yu 
rates can be calculated by smoothly departing from the 
SM in a consistent way. The approach followed here at 
present GOl is to assume that, while the couplings are 
modified by an overall modification factor, the coaling 
structures are not modified with respect to the SM|^Eur- 
thermore, the narrow width approximation is applied, 
factorizing the production and decay processes. Einally, 
the Higgs signal observed at the LHC is supposed to be 


^The program can be downloaded at the URL: 
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/ 

^The impact of higher-dimensional operators on differential distri¬ 
butions, and the limitations of an effective Lagrangian approach have 
recently been discussed in Ref. EH 


built up by a single resonance. Our fits performed to the 
experimentally measured yu values (221 show that the 
SM Higgs boson is compatible with the LHC Higgs data 
within 2cr. Our fits to a possible invisible branching ra¬ 
tio (231 EH reveal that large invisible branching ratios 
are consistent with the LHC measurements. 

3. Higgs Pair Production at the LHC 

The measurements of the trilinear and quartic Higgs 
self-couplings allow for the reconstruction of the Higgs 
potential (25l |26l and thereby the experimental verifi¬ 
cation of its typical form with a non-vanishing VEV, 
required for the Higgs mechanism to work. Higgs 
pair production gives access to the trilinear Higgs self¬ 
coupling. The dominant processes for double Higgs 
production at the LHC are: 

(/) the gluon fusion mechanism gg HH (27H301 ; 

(//) the WWIZZ fusion processes (VBL), qq' 
V*V*qq' HHqq' (V = W,Z) (27l [3T1434ll : 

(Hi) the double Higgs-strahlung process, qq' V* ^ 
VHH(V= W,Z) (351; 

(iv) associated production of two Higgs bosons with a 
top quark pair, pp ^ ttHH (36l. 

The loop-induced gluon fusion process provides the 
dominant contribution to Higgs pair production. It has 
been calculated at next-to-leading order (NLO) QCD in 
an effective field theory (ELT) approximation (30l by 
applying the low-energy theorem (3714391 , i.e. by as¬ 
suming infinitely heavy quarks. The NLO cross section 
for a 125 GeV Higgs boson amounts to 33.89 fb at a 
center-of-mass (c.m.) energy of 14 TeV. In obtaining 
this number the leading order (LO) cross section has 
been calculated including the full mass dependence in 
order to improve the perturbative results. The NLO K- 
factor, i.e. the ratio between the NLO and the LO results 
is large and amounts to 1.5-2 depending on the c.m. en¬ 
ergy. The error estimate based on the missing higher 
order corrections, PDL-fof^ uncertainties and the appli¬ 
cation of the ELT approach results in an error of 0(30%) 
at 14 TeV (40l . In the meantime top-quark mass effects 
at NLO have been estimated (4T41431 and results at next- 
to-next-to-leading-order (NNLO) in the heavy top mass 
approximation are available. 

The next important di-Higgs production process is 
vector boson fusion into Higgs pairs, closely followed 
by Higgs pair production in association with a top-quark 
pair, which is known at LO QCD only. Lor the VBL 
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process we have calculated the NLO QCD corrections 
Il40l in the structure function approach in complete anal¬ 
ogy to the single Higgs VFB process in. Setting the 
renormalization and factorization scale equal to the mo¬ 
mentum of the exchanged weak boson we found an in¬ 
crease of ~ -r7% of the total cross section with respect 
to the LO result. For the smallest di-Higgs production 
process through Higgs-strahlung we have updated the 
NLO results in analogy to single Higgs-strahlung 1481 - 
[501 and computed the QCD corrections at NNLO ll4Ql . 
At NNLO there is a new gluon-initiated contribution to 
ZHH production to be taken into account. It turns out 
that in contrast to single Higgs production imEiiisa, 
its contribution at NNLO is sizeable. 

Figure shows the total LHC cross sections for the 
four classes of Higgs pair production as a function of 
the c.m. energy. The central renormalization and factor¬ 
ization scales, /Jr, respectively, /ip, that have been used 
are (jjr = jjp = jjq) 


Mo 


Mhh, 


qq'^HHqq' 

Mo 


= 2vs 


(4) 


qq'^VHH 


Mvhh, 


1 


where Mhh denotes the invariant mass of the Higgs 
pair. Note that all pair production cross sections are 
~ 1000 times smaller than the corresponding single 
Higgs production channels. High luminosities are there¬ 
fore required to probe the Higgs pair production chan¬ 
nels at the LHC. The smallness of the cross sections 
together with the large QCD backgrounds at the LHC 
make the analysis of di-Higgs production challenging. 
We have performed a parton-level analysis for the dom¬ 
inant gluon fusion process into Higgs pairs in different 
final states, which are bbyy, bbrf and bbW^W~ with the 
W bosons decaying leptonically. While the bbW^W~ fi¬ 
nal state turns out not to be promising after applying 
acceptance and selection cuts, the significances in the 
bbyy and bbrf final states reach ~ 16 and ~ 9, respec¬ 
tively, after applying the cuts. The event numbers are 
not too small so that they are promising enough to start 
a real experimental analysis taking into account detector 
and hadronization effects. The sensitivity of the various 
pair production processes to the trilinear Higgs coupling 
is diluted by additional diagrams to the processes that 
do not involve the Higgs self-interaction. The sensitiv¬ 
ity can be studied by varying the self-coupling in terms 
of the SM trilinear coupling by a scale factor k. The 
most sensitive channel turns out to be by far the VBF 
production mode. Taking into account theoretical and 
statistical uncertainties in the pair production channels 
the trilinear Higgs self-coupling may be expected to be 
measured within a factor of two. 



[TeV] 

Figure 1: The total cross sections for Higgs pair production at 
the LHC, including higher order corrections, in the main chan¬ 
nels - gluon fusion (red/full), VBF (green!dashed), Higgs-strahlung 
(blue/dotted), associated production with tt (violet/dotted with small 
dots) - as a function of the c.m. energy with Mr = 125 GeV. The 
MSTW2008 PDF set has been used and higher order corrections are 
included. Figure taken from Eni where also details can be found. 


4. Composite Higgs Models 

Composite Higgs Models are examples of models 
with a strong dynamics underlying EWSB. In these 
models a light Higgs boson arises as a pseudo Nambu- 
Goldstone boson from a strongly-interacting sector 15^ 
[591 . This implies modified Higgs couplings with re¬ 
spect to the SM. In Ref. (71 an effective low-energy de¬ 
scription of a Strongly Interacting Light Higgs boson 
has been given, which can be viewed as the first term 
of an expansion in ^ = (v//)^, with the EWSB scale 
V and the scale of the strong dynamics /. This SILH 
Lagrangian can be used in the vicinity of the SM limit 
given by ^ ^ 0. Larger values of ^ as e.g. the techni¬ 
color limit, ^ ^ 1 , require a resummation of the series 
in This is provided by explicit models built in five¬ 
dimensional warped space. In the Minimal Compos¬ 
ite Higgs Models (MCHM) of Refs. (Ml [HI the global 
symmetry S 0(5) x 0(1) is broken down at the scale / 
to 50(4) X 0(1) on the infrared brane and to the SM 
S U(2)L X 0 ( 1)7 on the ultraviolet brane. The modifi¬ 
cations of the Higgs couplings in these models can then 
be described by one single parameter, given by The 
modification factor of the Higgs coupling to fermions 
depends on the representations of the bulk symmetry 
into which the fermions are embedded. In the model of 
Ref. CD, called MCHM 4 , the fermions are in the spino- 
rial representation of S 0(5), in the model MCHM 5 of 
Ref. (Tt]! they are in the fundamental representation. 
The question of the generation of fermion masses in 
composite Higgs models is solved by the hypothesis 
of partial compositeness IHED. It assumes that the 
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Figure 2: Generic diagrams contributing to double Higgs production via gluon fusion in composite Higgs models with ny novel fermionic reso¬ 
nances of mass mi (i = 1,n/). The index j is introduced to indicate that different fermions can contribute to each box diagram. From Ref. (S^- 


SM fermions, which are elementary, couple linearly to 
heavy states of the strong sector with the same quan¬ 
tum numbers, implying in particular the top quark to be 
largely composite. These couplings explicitly break the 
global symmetry of the strong sector. The Higgs poten¬ 
tial is generated from loops of SM particles with EWSB 
triggered by the top loops which provide the dominant 
contribution. The Higgs self-couplings therefore also 
depend on the representation of the fermions, and the 
Higgs boson mass is related to the fermion sector. It 
has been shown that a low-mass Higgs boson of ~ 125 
GeV can naturally be accommodated only if the heavy 
quark partners are rather light, i.e. for masses below 
about 1 TeV, see 0162^1. Phenomenologically the 
modified Higgs couplings to the SM particles change 
the Higgs production and decay rates |[T0l[68l- Another 
important consequence is the increase of the cross sec¬ 
tion for double Higgs production in vector boson fusion 
with the energy (T] l69ti7T1l . Finally due to the cou¬ 
pling modifications, composite Higgs models are chal¬ 
lenged by electroweak precision tests (EWPTs) 111 [72]- 
[75l . The tension with the S and T parameters ca can 
be weakened through the contributions from new heavy 
fermions liTTUS^ . 

So far we do not have any direct evidence for new 
BSM particles. Indirect information on heavy fermion 
partners could in principle also be obtained from Higgs 
physics. These new states would contribute to the loop- 
induced couplings of the Higgs boson to gluons and 
photons. It is also these couplings that are involved in 
the most sensitive Higgs search channels. The struc¬ 
ture of these couplings can effectively be described by 
the Low-Energy Theorem (LET). In 1(8^ we have ex¬ 
tended the theorem to take into account possible non¬ 
linear Higgs interactions as well as new states resulting 
from a strong dynamics at the origin of the EWSB. The 
dominant Higgs production process at the LHC, gluon 
fusion, is mediated by a top loop with a subleading con¬ 


tribution from the bottom loop. In composite Higgs 
models with heavy colored fermions and sizable cou¬ 
plings to the Higgs boson, these new states give addi¬ 
tional loop contributions that should be taken into ac¬ 
count. It has been shown that in explicit constructions 
gluon fusion into a single Higgs boson, gg h, com¬ 
puted in the LET approximation, is insensitive to the de¬ 
tails of the heavy fermion spectrum ||84^|87]| . The cross 
section only depends on the ratio v//, but not on the 
couplings and the masses of the composite fermions. 
Although the top Yukawa coupling receives a correc¬ 
tion due to the mixing with heavy resonances, which 
depends on the composite couplings, this contribution is 
exactly canceled by the loops of the extra fermions, so 
that the cross section only depends on v/f. This holds 
both in models with partial compositeness and in Lit¬ 
tle Higgs theories. The gluon fusion cross section in 
the composite Higgs model can therefore be obtained 
from the SM result by simply multiplying the latter with 
the squared rescaling factor of the Yukawa couplings, 
that comes from the non-linearity of the model. Every 
correction due to the fermionic resonances can be ne¬ 
glected. This insensitivity to the composite couplings, 
however, holds exactly only in the LET approximation. 
There are corrections due to finite fermion mass effects. 
The LET approximates the gluon fusion Higgs produc¬ 
tion rate very well, and it indeed turns out that these 
corrections are very small, even for large values of the 
compositeness parameter 

Another process mediated by colored fermion loops 
is double Higgs production through gluon fusion. In 
composite Higgs models the process is changed in two 
ways compared to the SM. First, there is a genuinely 
new contribution to the amplitude from a new coupling 
between two Higgs bosons and two fermions, which 
arises from the non-linearity of the strong sector. In 
the SM limit this ffhh coupling vanishes. Second, 
the effects from the top partners in the loop have to be 
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taken into account. They also give rise to a new box 
diagram that involves off-diagonal Yukawa couplings. 
These Yukawa couplings only involve the top quark 
and its charge 2/3 heavy composite partners. The dia¬ 
grams contributing to the process are shown in Fig. 

In Ref. fTOli a first study on Higgs pair production in 
composite Higgs models was performed, neglecting top 
partners. It was found that the cross section can be 
significantly enhanced due to the new tthh coupling. 
An explicit calculation of the di-Higgs production cross 
section in the LET approximation shows that it is insen¬ 
sitive to composite couplings. The reason is a cancella¬ 
tion completely analogous to the single Higgs produc¬ 
tion case. The comparison with Ref. iT/Ol . where the full 
top mass dependence was retained, shows that the LET 
underestimates the true result considerably, however. 

In the SM it has been known that the ^ oo 
limit approximates the full result only within 20% 1301 . 
Moreover it gives rise to incorrect kinematic distribu¬ 
tions l 88 l. The same is observed in composite Higgs 
models, and in particular in MCHM 5 the validity of the 
expansion gets even worse. This behaviour can be un¬ 
derstood by looking at the expansion parameter. In sin¬ 
gle Higgs production this is m^/(4mf) and the series 
converges quickly. In double Higgs production, how¬ 
ever, the expansion is performed in sl(4mj) with the 
partonic c.m. energy squared s » 4m^ which is not 
small, so that the expansion is not as good as in the sin¬ 
gle Higgs case. In MCHM 5 the presence of the new tri¬ 
angle diagram containing the tthh coupling, which con¬ 
trary to the triangle diagram with the virtual Higgs bo¬ 
son exchange does not vanish for large s, renders the 
convergence of the expansion even worse. 

This shall be exemplified for an explicit compos¬ 
ite Higgs model, MCHM 5 , with extra fermionic reso¬ 
nances. It is based on the symmetry pattern S 0(5) x 
[/(l)x/SO(4) X l/(l)x- The additional local symme¬ 
try iy(l)x is introduced in order to correctly repro¬ 
duce the fermion charges. The SM electroweak group 
S 1/(2)I X [/(l)r is embedded into S 0(4) x 1/(1 )x and 
the hypercharge Y is then given by F = ^ ifT^fTTl . 

The vector-like fermions introduced in the model have 
quantum numbers such that they can mix linearly with 
the SM fermions, the left-handed doublet and right- 
handed singlet of the third generation qp = (tL^bp)^ 
and tp. At the same time they have ’proto-Yukawa’ 
interactions with the composite Higgs. The composite 
fermions are required to transform as a complete 52/3 
under SO(5) x U(l)x • In this representation no dan¬ 
gerously large tree-level corrections to the Zbpbp cou¬ 
pling arise, provided a discrete symmetry Ppp exchang¬ 
ing the SU(2)p and SU(2)r factors is imposed ifTTl . 


Under S U(2)p x SU(2)p a 5 of 5 0(5) decomposes as 
5 ~ (2,2) 0 (1,1) . The bi-doublet (2,2) is formed by 
the 5 U(2)p doublets Q = (T, B)^ and Y = 
while r is a singlet (1,1) under SU(2)p x SU(2)p. 

The strongest experimental constraints on the model 
come from the electroweak precision measurements at 
the Z pole mass at LER The modified Higgs couplings 
to W and Z bosons induce logarithmically divergent 
contributions to the S and T parameters, which are cut¬ 
off by the mass nip of the first composite vector reso¬ 
nance EH. Another BSM effect is the direct contri¬ 
bution of the vector p and axial-vector a resonances 
to the S parameter. Finally the top partners give loop 
contributions both to the T parameter and the Zbb ver¬ 
tex 11721 [78l - [80ll . Figure(left) from Ref. ( 8 ^ shows 
the points from a scan over the parameter range of the 
model after applying a;^^ test, which assesses the agree¬ 
ment of the model with the experimental data. These are 
the latest EW precision data (EWPD) at that time, and 
the constraint \Vtb\ > 0.77 |[89l was applied, which also 
was the then most up-to-date value. The results are dis¬ 
played for the left-handed compositeness angle (pp ver¬ 
sus the mass of the lightest top partner, for the com¬ 
positeness parameter ^ = 0.25. The constraints on the 
parameter space from the EWPD can be significantly 
relaxed by extending the fermion sector of the model 

EollHa. 

Further constraints are due to flavor physics. In 
composite Higgs models there arise generically four- 
fermion operators contributing to flavor-changing (FC) 
processes and to electric dipole moments. The con¬ 
straints depend on the exact flavor structure of the model 
and can be avoided in case of minimal flavor viola¬ 
tion (MFV) 1901 . While both FC processes and electric 
dipole moments are inhibited in this case, the MFV as¬ 
sumption requires a large degree of compositeness also 
for light quarks, so that they have sizeable couplings to 
the strong sector resonances and lead to a different phe¬ 
nomenology (SU. Dijet searches put constraints on the 
up and down quarks (921 [93l, while the second gener¬ 
ation quarks are practically not constrained (941 . An 
alternative approach is to treat the top quark differently 
than the light quarks (95l . The flavor bounds can still be 
satisfied, and since the first two generations are mostly 
elementary the constraints from EWPT and searches for 
compositeness are relaxed. In this case both the left- 
handed and right-handed top can be composite. We do 
not assume a specific flavor model here. Additional dis¬ 
cussions of flavor constraints on composite Higgs mod¬ 
els can be found e.g. in Ref. (96l . 

Another restriction of the model arises from di¬ 
rect searches for new vector-like fermions by ATLAS 
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^lightest [GeV] ^lightest [GeV] 


Figure 3: Left: Parameters passing the;^^-test of electroweak precision observables, displaying the compositeness of the left-handed top versus the 
mass of the lightest top partner, for ^ = 0.25. Right: The MCHM 5 cross section for single Higgs production through gluon fusion (including the 
exact dependence on top and heavy fermion masses), normalized to the SM cross section (computed retaining the dependence), as a function 
of the mass of the lightest fermion resonance mughtest for mh = 125 GeV and ^ = 0.25. The cross section ratio computed with the LET, Eq. is 
shown as a black line. The points in light grey do not pass the direct collider constraints, points in orange/medium gray pass the 7 TeV constraints 
but are tested by the LHC running at 8 TeV with an integrated luminosity of 15 fb“^. Figures from Ref. ED. 


and CMS. Based on the experimental results from the 
searches for pair-produced fermions with subsequent 
decay into the final states WbWb, ZtZt and WtWt given 
in EMI, exclusion limits from direct searches have 
been included in Figure (left). As fermion pair pro¬ 
duction is a QCD process it only depends on the mass 
of the heavy fermion ij/. The constraint in a specific 
final state X then reads, 

o-qcd(pp <H') X BR(iA ^ xf < CTexp , (5) 

where (Texp is the upper bound on the cross section, as 
given by the experiment for each value M^. The QCD 
pair production cross sections have been obtained at ap¬ 
proximate NNLO moon . The points that pass the direct 
search limits from the 7 TeV run are shown in green in 
Fig.(left). The orange points are tested by LHC8. 

The gluon fusion cross section can be computed ap¬ 
plying the LET and can be cast into the form 

crjpp ^ h) ^ ( 1-2^ f 

o-(pp h)sM [ J 

This result is valid to all orders in It depends purely 
on the Higgs non-linearities and is independent of the 
details of the fermion spectrum. When retaining the full 
mass dependence on the other hand, corrections alter 
the cross section and are expected to be of the order of 
at most a few percent. This is confirmed by the full 
computation of the cross section taking into account the 
exact dependence on the fermion masses, as can be in¬ 
ferred from Fig. (right). The figure displays the cross 
section for single Higgs production through gluon fu¬ 
sion including new fermionic resonances, normalized 



Figure 4: The double Higgs production cross section through gluon 
fusion normalized to the SM as function of the mass of the lightest 
heavy top partner, for mh = 125 GeV and ^ = 0.25. Green/dark gray 
(gray) dots denote points which pass (do not pass) the applied con¬ 
straints, orange/fair gray points are tested by LHC 8 . The lightest top 
partner is . The black solid (dashed) line corresponds to the result 
in the limit of heavy top partners keeping the full top mass dependence 
(to the LET result). The expected number of events in the hh bbyy 
final state after all cuts at LHC 14 with L = 300 fb“^ is also shown, 
along with the 3cr evidence threshold (dot-dashed line), see Ref. (83) 

to the SM cross section with the full top mass depen¬ 
dence, as a function of the mass of the lightest reso¬ 
nance. The QCD ^-factors, i.e. the ratios between the 
QCD corrected cross section and the LO result, cancel 
out under the assumption that the higher order correc¬ 
tions are the same in both cases. In green are shown 
the points that pass the EWPTs, gray and orange points 
do not satisfy the collider bounds. The agreement be¬ 
tween the full result and the prediction using the low- 
energy theorem, shown by the black line, confirms that 
the cross section for single Higgs production is almost 
independent of the details of the spectrum and is fixed 
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only by the value of For heavy fermion partners the 
sensitivity to the composite couplings practically van¬ 
ishes. The LET hence provides a very accurate cross 
section for single Higgs production for any spectrum of 
the heavy fermions. The figure furthermore shows that 
in the MCHM5 single Higgs production is suppressed 
compared to the SM for ^ = 0.25. This can be under¬ 
stood from the LET result given in Eq. 

Applying the LET to double Higgs production results 
in the partonic cross section 


'^gg^hh 


G\al(ji)s 1 
128(2;t)3 9 



(5), 


(7) 


where Gp denotes the Eermi constant and as the strong 
coupling constant evaluated at the scale ju. The ampli¬ 
tude in the limit of heavy loop particle masses at all or¬ 
ders in ^ is given by 


^LET 

^MCHM5 




3ml 


■mt 


1-2^ f 

Vw. 


1 

w ■ 


( 8 ) 


As in single Higgs production the LET cross section 
for Higgs pair production is insensitive to the details 
of the heavy fermion spectrum and fixed uniquely by 

In contrast to single Higgs production, for Higgs pair 
production the cross section is enhanced compared to 
the SM. In the SM Higgs pairs are produced through 
Higgs bosons coupling to gluons via triangle loops and 
boxes. The related amplitudes interfere destructively. 
In the MCHM5 the two contributions are modified by 
((1 - ^)/ and there is an additional diagram 

with the two-Higgs two-fermion coupling proportional 
to which can hence have order one effects and thus 
govern the total cross section. 

Eigure]^ shows the double Higgs production process 
normalized to the SM cross section as a function of the 
lightest top partner mass. The points result from a scan 
over the parameter range of the model. In the computa¬ 
tion of the cross sections the full mass dependence of the 
loop particles has been taken into account. In the black 
solid line the full mass dependence on the top quark 
mass has been kept while the heavy fermion partners 
have been integrated out. The dashed line displays the 
result in the LET approximation, i.e. sending all loop 
particle masses to infinity. The color code is the same 
as in Eig. The figure shows that there is a sizeable 
dependence of the cross section on the spectrum of the 
heavy fermions. We have 2.7 < ct/ctsm < 3.7. The LET 
cross section and the one in the limit of heavy partners 
on the other hand only depend on However, the LET 


approximation considerably underestimates the full re¬ 
sult. Note that in the figure the cross section is consis¬ 
tently normalized to the SM result for ^ oo. The 
result in the limit of heavy partners and keeping the full 
top mass dependence on the other hand, overestimates 
the cross section for masses of the lightest fermion part¬ 
ner below about 1 TeV. This is the region that is compat¬ 
ible with a 125 GeV Higgs boson. Eor larger masses of 
the fermion partners, the cross section approaches the 
result retaining only the top-loop contribution, as ex¬ 
pected. Higher-order QCD corrections have not been 
taken into account in the figure. Due to the additional 
two-Higgs two-fermion diagram and the box diagram 
with different loop particle masses they cannot be taken 
over from the SM. Eor heavy loop particle masses the 
corrections should not be too different from the SM case 
though, so that they approximately cancel out in the ra¬ 
tio of the cross sections. 

So far we have only treated the case of composite 
top quarks. With the bottom quark being the next- 
heaviest quark a sizeable mixing with the strong sec¬ 
tor can be expected also for the bottom quark. Due 
to the small bottom mass, the LET cannot be applied 
any more and the loop-induced Higgs couplings to glu¬ 
ons are expected to depend on the resonance structure 
of the strong sector, with significant implications for 
the Higgs phenomenology |[82j[86l[9Tl. The effects of 
composite bottom quarks on composite Higgs models 
and the LHC Higgs phenomenology can be studied by 
embedding the fermions in the 10. This is the small¬ 
est possible representation of S 0(5) that allows to in¬ 
clude partial compositeness for the bottom quarks and 
at the same time is compatible with EWPTs by imple¬ 
menting custodial symmetry. The bottom quark mass is 
in this case not introduced at hoc any more but gener¬ 
ated through the mixing with the strong sector. The 10 
leads to a larger spectrum of new heavy fermions com¬ 
pared to the previous case with composite top quarks 
only. The new vector-like fermions transform under the 
SU(2)l X SU(2)r and are given by u, ui, U and T 4 
with electric charge 2/3, J, di and J 4 with charge -1/3 
and finally and ;^4 with charge 5/3. The model is 
strongly constrained by EWPTs, in particular there are 
one-loop contributions to the non-oblique corrections to 
the ZbJ)L vertex due to the partial compositeness of the 
bottom quark. This coupling has been measured very 
precisely and agrees with the SM prediction at the sub¬ 
percent level. It is safe from large corrections for the 
fermion embedding in the 10 representation, where bp 
belongs to a bi-doublet of SU( 2 )p x SU( 2 )r and the 
S 0(A) is enlarged to 0(4). The general formulae for the 
contributions of new bottom partners in the loop cor- 
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V,b\ > 0.92 

\Vtb\ inx^ 

Experiment 


X^ln 

xi 


X^ln 


ATLAS 

0.105 

8.06/9 

0.90 

0.096 

12.34/10 

1.23 

0.0 

17.54/13 

1.35 

0.0 

17.73/14 

1.25 

CMS 

0.057 

5.22/10 

0.52 

0.055 

6.36/11 

0.58 

0.0 

9.90/14 

0.71 

0.0 

10.09/15 

0.67 


Table 1: Global results for the best fit point taking into account EWPT and the Higgs results for ATLAS and CMS, respectively: Left: For 
parameter points which fulfil \Vtb\ > 0.92. Right: When including the measured value of \Vtb\ in the f^st. The lines for f = 0.0 list for 
comparison the SM values. The number of degrees of freedom n are counted naively as the difference between the number of observables and the 
number of parameters in the model, and;^^^ =x^ In. Table from da. 


12 


10 



0 0.1 0.2 0.3 0.4 0.5 0.6 


Figure 5: Parameters passing the;^^ test of electroweak precision ob¬ 
servables, fulfilling in addition \Vtb\ > 0.92, for a scan over the pa¬ 
rameter space. Details can be found in Ref. l82l . Dark blue: 68% 
C.L. region, medium blue: 95% C.L. region and light blue: 99% C.L. 
region, in the Ax^ versus f plane. 


rections to Zbpbp have been derived in |[ 8 ^ and can 
be applied to other models with similar particle con¬ 
tent. In order to test the viability of the model a scan 
over its parameter space has been performed, setting 
the top and bottom quark masses to = 173.2 GeV 
and Mb = 4.2 GeV, respectively, and the Higgs boson 
mass to ruk = 125 GeV. Ax^ test is performed includ¬ 
ing the constraints from EWPD, and only those points 
have been retained that also fulfil \Vtb\ > 0.92 IIIOIII . 
The result is shown in Fig.|^in the Ax^ = x^ “Tmin 
sus ^ plane. The smallest Ax'^ values are obtained for 
0.01 < ^ < 0.2. High ^ values lead to large corre¬ 
sponding to a compatibility with EWPTs at 99% confi¬ 
dence level (C.L.). The positive fermionic contributions 
to the T parameter play an important role here for the 
compatibility as they drive back the T value into the re¬ 
gion in accordance with the EW precision data. The 
SM limit is obtained for ^ ^ 0 and Mio ^ oo, where 
Mio sets the scale for the top and bottom partner masses. 
Due to the restriction of the scan to Mio ^10 TeV it is 


not contained in the plot. 

The LHC Higgs search data put further constraints 
on the model. The inclusion of heavy bottom and top 
quarks leads to changes in the Higgs Yukawa couplings 
and new heavy fermions in the loop-induced production 
and decay processes. In particular, in contrast to the 
heavy top partner case, in the dominant gluon fusion 
production process due to the mixing with bottom part¬ 
ners the LET cannot be applied any more, so that the 
cross section now depends on the details of the model. 
Also the compatibility with the direct searches for new 
vector-like fermions performed by ATLAS II 10211 and 
CMS II1031 1 10411 has to be tested. Flavor physics fur¬ 
ther constrains the model. As this depends on the exact 
flavor structure of the model which is not specified here, 
these constraints are not taken into account in this inves¬ 
tigation. For a random scan over the parameter range a 
X^ test is performed taking into account EWPTs, Higgs 
data and the experimental results on The results 
from direct fermion searches are taken into account by 
discarding all points that lead to masses below the ex¬ 
clusion limits. In Table the values of the best fit 
points are reported together with those for the SM for 
comparison. The constraint from Vtb has been included 
in two different ways. Either all points with \Vtb\ > 0.92 
are rejected or the best fit value given by the experi¬ 
ments is included in the x'^ t^st. The global x'^ is in¬ 
creased when including Vtb, in particular in the compos¬ 
ite Higgs model. The table shows that the CMS I1Q5I 
data are better described than the ATLAS data 11061 . 
The best fit points are obtained for ^ 0.1 for AT¬ 
LAS and for ^ 0.05 for CMS. In the composite Higgs 

model their x'^ is slightly smaller than in the SM, due 
to the larger number of free parameters. An estimate of 
the relative goodness of the fit is given by 
where n denotes the number of degrees of freedom. 

Our discussion shows that composite Higgs models, 
although challenged by constraints from EWPTs, flavor 
physics, direct searches for new fermions and the light 
Higgs mass, are still viable extensions beyond the SM 
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Higgs. They provide an explanation of EWSB based 
on strong dynamics and hence an alternative to weakly 
coupled models as e.g. supersymmetry, which shall be 
discussed in the following. 


5. Supersymmetric Higgs Models 


Supersymmetric theories Ill07ftl2ll provide a natu¬ 
ral solution to the hierarchy problem by introducing a 
new symmetry between fermionic and bosonic degrees 
of freedom. They are among the most extensively stud¬ 
ied BSM extensions. In order to ensure supersymmetry 
(SUSY) and an anomaly-free theory two complex Higgs 
doublets have to be introduced, Hu to provide masses 
to the up-type fermions, and to ensure masses for 
the down-type fermions. In sections and |5.2| 


we 


will discuss Higgs physics in two popular supersym¬ 
metric models, the minimal (MSSM) cia and next- 
to-minimal supersymmetric model (NMSSM) II123L re¬ 
spectively. 


5.7. Associated heavy quark Higgs production in the 
MSSM 

After electro weak symmetry breaking, three of the 
eight degrees of freedom contained in Hu and 77j are 
absorbed by the Z and W gauge bosons, leaving five el¬ 
ementary Higgs particles in the MSSM. These consist 
of two CP-even neutral (scalar) particles /z, H, one CP- 
odd neutral (pseudoscalar) particle A, and two charged 
bosons 77-. At leading order the MSSM Higgs sector 
is fixed by two independent input parameters which are 
usually chosen as the pseudoscalar Higgs mass Ma and 
tanyS = Vujvd, the ratio of the vacuum expectation val¬ 
ues of Hu and H^, respectively. Including the one-loop 
and dominant two-loop corrections the upper bound of 
the light scalar Higgs mass is Mh< 135 GeV II 12411 for 
supersymmetric mass scales up to about a TeV. 

An important property of the bottom Yukawa cou¬ 
plings is their enhancement for large values of tanyS. 
The top Yukawa couplings, on the other hand, are sup¬ 
pressed for large tanyS nsi, unless the light (heavy) 
scalar Higgs mass is close to its upper (lower) bound, 
where their couplings become SM-like. The couplings 
of the various neutral MSSM Higgs bosons to fermions 
and gauge bosons, normalized to the SM Higgs cou¬ 
plings, are listed in Table where the angle a denotes 
the mixing angle of the scalar Higgs bosons h, H. 

The negative direct searches for neutral MSSM Higgs 
bosons at LEP2 have lead to lower bounds of Mh,H > 
92.8 GeV and Ma > 93.4 GeV |[l26]|. The LEP2 results 
also exclude the range 0.7 < tanyS < 2.0 in the MSSM, 


<p 

gu 

(/> 

Sd 

(/> 

gy 

SM 

H 

1 

1 

1 

MSSM 

h 

cos Of/ sinyS 

- sin O'/ cosy^7 

sin(y^7 - a) 


H 

sin Of/ sinyS 

cos a! COSyS 

cos(yS - a) 


A 


tanyf? 

0 


Table 2: MSSM Higgs couplings to u- and d-type fermions and gauge 
bosons [V = W,Z] relative to the SM couplings. 


assuming a SUSY scale Msusy = 1 TeV (23. MSSM 
Higgs-boson searches have continued at the pp collider 
Tevatron, see e.g. (ml, and form the central part of the 
current and future physics program of the LHC II128L 
The present LHC searches at 7 and 8 TeV c.m. energy 
have excluded parts of the MSSM parameter space for 
large values of tan (3 lfT29l . However, the recent discov¬ 
ery of a resonance with a mass near 125 GeV |[I1|2]| is 
a clear indication for the existence of a SM or beyond- 
the-SM Higgs boson. While the properties of the new 
particle, as determined so far, are consistent with those 
predicted within the SM, the bosonic state at 125 GeV 
can also be interpreted as a supersymmetric Higgs bo¬ 
son. 

Neutral MSSM Higgs boson production at the LHC 
is dominated by gluon fusion, gg hlHjA, and by 
the associated production of a Higgs boson with bot¬ 
tom quarks. Gluon fusion is most significant at small 
and moderate tanyS. At large values of tanyS, however, 
bottom-Higgs associated production 

Wigg -^bb + hlHIA (9) 

constitutes the dominant Higgs-boson production pro¬ 
cess. Here, we shall focus on precision calculations for 
bottom-Higgs associated production at the LHC. We re¬ 
fer the reader to Refs. II130II132|| and references therein 
for a discussion of higher-order calculations for gluon 
fusion. 

The NLO QCD corrections to Higgs-bottom associ¬ 
ated production, Eq. (|^, can be inferred from the analo¬ 
gous calculation involving top quarks II133II134|| . How¬ 
ever, they turn out to be numerically enhanced Elby 
large logarithmic contributions from the phase space re¬ 
gion with final-state bottom quarks at small small trans¬ 
verse momenta. Those logarithms can be resummed by 
introducing bottom-quark densities in the proton HM 
and by applying the standard DGLAP evolution. In 
this so-called five-fiavor scheme (5LS) the leading-order 
process is II137II 


bb hlHIA , 


















M. Kramer and M. MUhlleitner / Nuclear Physics B Proceedings Supplement 00 (2015) 7 -[^ 


11 


where the transverse momenta of the incoming bot¬ 
tom quarks, their masses, and their off-shellness are 
neglected at LO. The NLO and NNLO ifTSOl 

QCD corrections as well as the SUSY-electroweak cor¬ 
rections lEol to these bottom-initiated processes have 
been calculated. They are of moderate size, if the run¬ 
ning bottom Yukawa coupling is introduced at the scale 
of the corresponding Higgs-boson mass. The fully ex¬ 
clusive gg bh 5- hjHIA process, calculated with 
four active parton flavors in a four-flavor scheme (4FS), 
and the 5FS calculation converge at higher perturba¬ 
tive orders, and there is fair numerical agreement be¬ 
tween the NLO 4FS and NNLO 5FS cross section pre- 
dictions C30l[l3ll[l35l[l4D. In Ref. (Ha a scheme 
has been proposed to match the 4FS and 5FS cross sec¬ 
tions (“Santander matching”). The scheme is based on 
the observation that the 4FS and 5FS calculations of the 
cross section are better motivated in the asymptotic lim¬ 
its of small and large Higgs masses, respectively, and 
combines the two approaches in such a way that they 
are given variable weight, depending on the value of the 
Higgs-boson mass. 


If both bottom jets accompanying the Higgs boson in 
the flnal state are tagged, one has to rely on the fully 
exclusive calculation for gg ^ hh + hjHIA. For the 
case of a single Z^-tag in the flnal state the corresponding 
calculation in the 5FS starts from the process bg ^ b -\- 
hlHjA with the flnal-state bottom quark carrying flnite 
transverse momentum. The NLO QCD, electroweak, 
and NLO SUSY-QCD corrections to this process have 
been calculated CH. 


State-of-the-art predictions as well as estimates of 
the corresponding parametric and theoretical uncertain¬ 
ties have been provided by the LHC Higgs Cross Sec¬ 
tion Working Group both for total II 13011 and differen¬ 
tial ifrnlfT^ cross sections. 


Recently, the 4FS calculations for heavy quark plus 
Higgs associated production at the LHC have been im¬ 
proved by including the full SUSY-QCD corrections 
within the MSSM and separating the dominating univer¬ 
sal part in terms of effective Yukawa couplings II144II . 
The SUSY loop corrections modify the tree-level re¬ 
lation between the bottom mass and its Yukawa cou¬ 
pling, which is enhanced at large tanyS II145I . These 
corrections can be summed to all orders by replacing 
the bottom Yukawa coupling coefficients of Table by 


I146II147I 


p'* - 

8 b 

Sb ~ 

1 + 

8b = 

8b 

1 + A;, 

t = 

4 

\ Ab 


where 


1 - 


Ab 


1+A, 


tan Of tanyS / ’ 
tana) 


tany(5 


1 - 




C p a§ 9 9 9 

Ab = - Mg jd tanyS 


( 10 ) 


I{a, b, c) 


ablogiajb) bclogibjc) calog(c/a) 
(a - b)(b - c)(a - c) 


with Cp = 4/3. Here, hi ^2 are the sbottom mass eigen¬ 
states, and Mg denotes the gluino mass. 

To discuss the various contributions to the NLO 
SUSY-QCD corrections, we focus on bbH production 
as an example, and write the NLO cross section as 


^NLO “ X (1 -I- d^usv) X (1 + ^QCD ^^USY-rem)’ (1 

where denotes the LO cross section evaluated 
with LO as and PDFs, with the Yukawa coupling 
parametrized in terms of the running b-quark mass 
Thbipi), but without resummation of the tanyS-enhanced 
terms. The correction comprises the tanyS- 

enhanced terms according to Eq. including their 
resummation. The remainder of the genuine SUSY- 
QCD corrections is denoted by ^^usY-rem- 



Figure 6: SUSY-QCD corrected production cross sections of light and 
heavy scalar MSSM Higgs bosons in association with bb pairs for the 
Snowmass point SPSlb hl48t See Ref hl44\ for details. 

The total cross section for scalar Higgs-boson radi¬ 
ation off bottom quarks at the LHC (a^ = 14TeV) 
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Ma 

Mh [GeV] 

^QCD 

^SUSY 

^SUSYrem 


100 

113.9 

0.27 

-0.38 

0.3 X 10-'* 


200 

200 

0.39 

-0.30 

5.8 X 10-‘‘ 

7 TeV 

300 

300 

0.47 

-0.30 

9.3 X 10-‘‘ 


400 

400 

0.53 

-0.30 

1.5 X 10-5 


500 

500 

0.59 

-0.30 

2.2 X 10-5 


100 

113.9 

0.17 

-0.38 

0.5 X 10-“* 


200 

200 

0.29 

-0.30 

5.7 X 10-“* 

14 TeV 

300 

300 

0.39 

-0.30 

9.3 X lO-'* 


400 

400 

0.45 

-0.30 

1.5 X 10-5 


500 

500 

0.49 

-0.30 

2.3 X 10-5 


Table 3: Individual NLO corrections relative to the LO cross section 
for pp ^ hbH + X, as defined in Eq. \lO\ , are shown for the LHC at 
two c.m. energies (7 TeV and 14 TeV)for the Snowmass point SPSlb 


is shown in Fig. for the MSSM benchmark sce¬ 
nario SPSlb lll48ll with tanfi = 30. The four-flavor 
MSTW2008 pdfs (Hll have been used. In Table 
we show the individual contributions to the NLO cross 
section. The pure QCD corrections 
enhanced SUSY-QCD corrections S: 
mainders of the SUSY-QCD corrections dS 


the tanjS- 


SUSY-rem 


are 


deflned according to Eq. ( p^ . The moderate NLO cor¬ 
rections in this MSSM scenario result from a compen¬ 
sation of the large, positive QCD corrections and large, 
negative SUSY-QCD corrections. The smallness of the 
SUSY-QCD remainder shows that the full NLO SUSY- 
QCD corrections are approximated extremely well by 
the tanyS-enhanced terms. 

Let us briefly comment on heavy charged Higgs pro¬ 
duction at the LHC, 


pp 


(13) 


In a two-Higgs doublet model of type II, like the min¬ 
imal supersymmetric extension of the SM, the Yukawa 
coupling of the charged Higgs boson H~ to a top quark 
and bottom antiquark is given by 

SthH- = V2^yPj?cot^+ (14) 

where v = = ( 42Gf)~^ is the Higgs vacuum 

expectation value in the SM, with the Fermi constant 
Gf = 1.16637 X 10-5 GeV^ and Pr/l = (1 + y^)/! are 
the chirality projectors. 

As in the case of neutral Higgs production with bot¬ 
tom quarks, the cross section for pp tH-{b) -r X can 
be calculated in the four- or flve-flavor schemes. Next- 
to-leading order predictions for heavy charged Higgs 



Figure 7: Santander-matched cross section and uncertainties for pp 
tH- -I- Y at the LHC for 14 TeV. The 4F and 5F scheme results as well 
as the combined values are shown, together with their total uncertain¬ 
ties. 

boson production at the LHC in a type-II two-Higgs- 
doublet model have been made in the past in both 
5F 1150111551 and 4F schemes I1561I157I . including also 
electroweak corrections ESUlBll. In Ref. CSni, the 
NLO-QCD predictions have recently been updated and 
improved by adopting a dynamical scale setting pro¬ 
cedure for the 5FS CMl. A thorough account of all 
sources of theoretical uncertainties has been given, and 
a Santander-matched prediction II 14211 for the four- and 
flve-flavor scheme calculations has been provided. Ref¬ 
erence 11601 also includes results for a wide range of 
tan p, which allows the comparison between theory and 
experiment for a large class of beyond-the-SM scenar¬ 
ios. 

The cross section and uncertainty for the results of the 
4F and 5F scheme calculations and their combination 
for yfs = 14 TeV are presented in Fig.[^ The dynam¬ 
ical choice of the factorisation scale in the flve-flavor 
scheme calculation signiflcantly improves the agree¬ 
ment between the four- and flve-flavor schemes. The 
overall uncertainty of the matched cross-section pre¬ 
diction is approximately 20-30%, and includes the de¬ 
pendence on the renormalisation scale, the factorisation 
scale, the scale of the running bottom quark mass in the 
Yukawa coupling, as well as the input parameter uncer¬ 
tainties in the parton distribution functions, in the QCD 
coupling as, and in the bottom quark mass. 

5.2. Higgs Bosons in the NMSSM 

The NMSSM CtS extends the Higgs sector by an 
additional singlet superfleld S . This entails seven Higgs 
bosons after EWSB, which in the limit of the real 
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NMSSM can be divided into three neutral purely CP- 
even, two neutral purely CP-odd and two charged Higgs 
bosons, and in total leads to five neutralinos. The 
NMSSM allows for the dynamical solution of the 
problem 11621 through the scalar component of the sin¬ 
glet field acquiring a non-vanishing vacuum expectation 
value. Furthermore, the tree-level mass value of the 
lightest Higgs boson is increased by new contributions 
to the quartic coupling so that the radiative corrections 
necessary to shift the Higgs mass to ~ 125 GeV are 
less important than in the MSSM allowing for lighter 
stop masses and/or mixing and in turn less finetuning. 
The singlet admixture in the Higgs mass eigenstates en¬ 
tails reduced couplings to the SM particles. Together 
with the enlarged Higgs sector this leads to a plethora 
of interesting phenomenological scenarios and signa¬ 
tures. It is obvious that on the theoretical side the re¬ 
liable interpretation of such BSM signatures and the 
disentanglement of different SUSY scenarios as well 
as their distinction from the SM situation require pre¬ 
cise predictions of the SUSY parameters such as masses 
and Higgs couplings to other Higgs bosons includ¬ 
ing higher-order corrections. For the CP-conserving 
NMSSM the mass corrections are available at one-loop 
accuracy 116314169111711 [1721 . and two loop results of 
0 (atas + (Xb<i^s) in the approximation of zero external 
momentum have been given in Ref. 11691 . Recently, 
first corrections beyond order Ogatas + c^b^s) have been 
given in lEol. In the complex case the one-loop correc¬ 
tions to the Higgs masses have been given in Ill7314178ll 
with the logarithmically enhanced two-loop effects pre¬ 
sented in II791. Quite recently we have provided the 
two-loop corrections to the Higgs boson masses of the 
CP-violating NMSSM in the Feynman diagrammatic 
approach with vanishing external momentum at 
II180I . Higher-order corrections to the trilinear Higgs 
self-coupling of the neutral NMSSM Higgs bosons have 
been provided in mD. 


In the following the implications of the loop correc¬ 
tions in the real and complex NMSSM to the Higgs 
boson masses, and for the CP-conserving NMSSM, to 
the trilinear Higgs self-couplings shall be presented. To 
set up the notation the NMSSM Higgs sector is briefly 
discussed. The Higgs mass matrix is derived from the 
NMSSM Higgs potential, which is obtained from the 
superpotential, the soft SUSY breaking terms and from 
the D-term contributions. Denoting the Higgs dou¬ 
blet superfields, which couple to the up- and down-type 
quarks, by Hu and respectively, and the singlet su¬ 
perfield by S , the scale invariant NMSSM superpoten¬ 


tial is given by 

IFnmssm = IFmssm - eijXSH^^Hi + -kS^ , (15) 

with the S U{2)p indices /, 7 = 1,2 and the totally an¬ 
tisymmetric tensor 612 = 1. While the dimensionless 
parameters X and k can be complex in general, in case 
of CP-conservation they are taken to be real. In terms of 
the quark and lepton superfields and their charge con¬ 
jugates, indicated by the superscript c, 2 , L, 

the MSSM superpotential Wmssm reads 

Wmssm = 6ij[yeff,LjE^ 

-yuHi&U^] , (16) 

where the flavor and generation indices have been sup¬ 
pressed. In general the Yukawa couplings y^, yu and 
ye in the MSSM superpotential Eq. are complex. 
Neglecting generation mixing, their phases can be re¬ 
absorbed by redefining the quark fields. The MSSM [i- 
term as well as the tadpole and bilinear terms of S are 
assumed to be zero. With the Higgs doublet and singlet 
component fields Hu, H^ and S , the soft SUSY breaking 
NMSSM Lagrangian is given by 

Zsoft = + 

-1kA,S^ + h.c.), (17) 

where denotes the soft SUSY breaking MSSM 

Lagrangian, 

■Cir = - mlHlH, - ml&Q 

2r1'r 2~*~ 2 j* j 

- L - MjjUj^ur - mj^dj^ciR 

- m\e\eR - {eij\yeAeH'^Ve*n 

+ ydAdK&dl - yAuHl&u*R] + h.c.) 

- ]^{MiBB + M2%% + M^GG + h.c.) . (18) 

Here B, Wk (k = 1,2,3) and G are the gaugino 
fields, and Q = {uL^diY, L = where the 

tilde indicates the scalar components of the correspond¬ 
ing quark and lepton superfields. In the soft SUSY 
breaking NMSSM Lagrangian Eq. ( p^ the soft SUSY 
breaking mass parameters of the scalar fields X = 
S, Hd, Hu, Q, U, D, L, E are real. The soft SUSY break¬ 
ing trilinear couplings (x = A,K,d,u,e) and the 
gaugino mass parameters Mi, M 2 and M 3 , however, are 
complex in general but real in the CP-conserving case. 
Here, furthermore squark and slepton mixing between 
the generations is neglected and soft SUSY breaking 
terms linear and quadratic in the singlet field S are set to 
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zero. In the expansion of the Higgs boson fields about 
the VEVs two further phases, (fu and (fs, appear, 

iaci)\ 

~ I K I 

— gifu i \ 

“ + hu + iau)] ’ 

S = —;=(V 5 5- hs IGs) , (19) 

d 2 

describing the phase differences between the three 
VEVs and (S). Eor phase values (fu = = 

rni, n e N, the fields hi and at (i = d, u, s) are the pure 
CP-even and CP-odd parts of the neutral entries of Hu, 
Hd and S. Exploiting the freedom in the phase choice of 
the Yukawa couplings to set = -ipu and assuming the 
down-type and charged lepton-type Yukawa couplings 
to be real, the quark and lepton mass terms yield real 
masses without any further phase transformation of the 
corresponding fields. Expansion about the VEVs leads 
to the Higgs boson mass matrix that can be read 
off from the bilinear neutral Higgs field terms in the 
Higgs potential. CP-violation introduces a mixing be¬ 
tween CP-even and CP-odd component fields, leading 
to a 6 X 6 matrix in the basis cp = (hd,hu,hs, ad, au, ag)^, 
which can be expressed in terms of three 3x3 matrices 

^hh 9 ^aa 3.nd M^a ? 


^00 — 



^ha\ 

Maa] 


( 20 ) 


where M^h and Maa are symmetric matrices, describ¬ 
ing the mixing among the CP-even components of the 
Higgs doublet and singlet fields and among the CP-odd 
components, respectively. In the CP-conserving case 
the matrix Mka, which mixes CP-even and CP-odd com¬ 
ponents, vanishes. Due to the minimization conditions 
of the Higgs potential V (cp = hd,hu,hs, ad, au, ag). 


_ dV 


= 0 . 


Min 


( 21 ) 


in the tree-level Higgs sector only one linearly indepen¬ 
dent phase combination (py appears after applying the 
tadpole conditions for (p = ad and ag, 


(Py — (Pk ipx '2.(pg cpu . ( 22 ) 

The tadpole condition for au does not lead to a new lin¬ 
early independent condition. Hence the CP mixing due 
to Mka is governed by sin^^ at tree-level. In the real 
case, the CP-odd tadpole conditions vanish and are thus 
automatically fulfilled. 


In order to obtain the mass eigenstates first the 6 x 6 
rotation matrix is applied to separate the would-be 
Goldstone boson field and then the matrix to rotate to 
the mass eigenstates Hi (i = 1,..., 5), yielding a diagonal 
mass matrix squared, 

iHuH2,H3,H4,H5,Gf = 

lP{hd,hu,hs,ad,au,asf (23) 

(24) 

with = RRp and the superscript (0) indicating tree- 
level masses. In the CP-conserving case the 6 x 6 mass 
matrix decomposes into 3x3 Higgs mass matrices 
squared for the CP-even and CP-odd component Higgs 
fields, M'I and M^, respectively. The squared mass ma¬ 
trix is diagonalized through a rotation , yielding 
the CP-even mass eigenstates Hi (i = 1,2,3), 

{HuH2,H3f = K {hd,K,hf , (25) 
diag((M®)2,(M^>)2,(M^>)2) = . (26) 

The mass eigenstates are ordered by ascending mass, 
where the superscript (0) indicates 
the tree-level mass values. In the CP-odd Higgs sector 
a first rotation is applied to separate the massless 
Goldstone boson G, followed by a rotation to ob¬ 
tain the mass eigenstates A/ = Ai,A 2 ,G (i = 1,2,3), 

cf.nm, 

(Ai,A2,G^ = R^R^ (ad,au,ag^ , (27) 

diag((M^^^^)^(M^^^^)^0) = R^RpMlipR^Rpf . (28) 

The parameters of the tree-level Higgs potential in the 
CP-violating NMSSM are 

, gi, g2, Vu, Vd, v„ 

ipu, 51T, 3T, 51A^, 3A^, 3/^, 5lA„ 3A, . (29) 

Some of the parameters are traded for more physical 
ones leading to the following parameter set 

^hd 9 9 ths 9 Gd 9 Gs 9 9 M , M^, 6, 

on-shell 

tan p, Vg,ipg,ipu, 51/1, 3/1,51/c, 3/c, 51A^ . (30) 

DR 

In the renormalization performed for the computation 
of the one-loop corrected Higgs boson masses CHI, 
the first part of parameters is defined via on-shell con¬ 
ditions. The tadpole parameters are chosen such that 
the linear terms or the Higgs fields in the Higgs poten¬ 
tial also vanish at one-loop level. In a slight abuse of 
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A 

Figure 8 : The mass Mh^ of the lightest CP-even Higgs boson as func¬ 
tion of A; at tree-level (yellow/full), at one-loop leve l with the top 
quark pole mass (blue/dotted) and with the running DR top quark mass 
(red/dashed). From Ref. 11721 . 

the language the tadpole renormalization conditions are 
therefore also called on-shell. The remaining parame¬ 
ters are interpreted as DR parameters. An alternative 
renormalization scheme uses the real part of as a 
DR input parameter instead of the mass of the charged 
Higgs boson. In the computation of the one-loop masses 
in CP-conserving NMSSM two further renormalization 
schemes are applied, based on a pure on-shell, respec¬ 
tively, a pure DR scheme II172II . 

The loop corrections not only considerably alter the 
Higgs mass values but they also change the singlet ad¬ 
mixtures in the various Higgs mass eigenstates and, in 
the case of CP-violation, their respective level of CP- 
violation, with significant phenomenological implica¬ 
tions. For the results shown in the following, the sce¬ 
narios have been chosen such that the constraints from 
LHC Higgs data and exclusion limits on the SUSY par¬ 
ticles are fulfilled. The detailed parameter choices and 
applied constraints can be found in 1117211178L Fig¬ 
ure shows for the CP-conserving case the mass of 
the lightest CP-even Higgs boson as function of A, at 
tree-level and at one-loop level in the DR scheme with 
the top quark mass taken as the running DR mass = 
150.6 GeV at the scale Qo = 300 GeV in one case and 
as the pole mass Mt = 173.3 GeV in the other case. 
The tree-level mass increases with rising A due to the 
NMSSM contribution ~ A^ sin^ 2/5 from the Higgs quar- 
tic coupling. The one-loop corrections are important, 
increasing the Hi mass by up to ~ 44 GeV, and strongly 
depend on the value of the top quark mass, which re¬ 
flects the fact that the main part of the higher-order cor¬ 
rections stem from the top sector. An estimate of the 
missing higher-order corrections can be obtained by in¬ 
vestigating the influence of the renormalization scale 


2o- The residual theoretical uncertainties due to miss¬ 
ing higher-order corrections can thus be estimated to 
0(10%). These uncertainties as well as the dependence 
of the corrections on the value of top quark mass and/or 
the choice of the renormalization scheme, of course, get 
reduced once two-loop corrections are taken into ac¬ 
count. 

In the NMSSM CP-violation in the Higgs sector can 
already occur at tree-level due to a non-vanishing phase 
iPy. The effect of a non-vanishing phase is demon¬ 

strated in Fig.which shows the tree-level and one-loop 
mass of Ht, which in the chosen scenario corresponds to 
a SM-like Higgs boson with mass around 125 GeV. As 
expected, the mass exhibits already at tree-level a sensi¬ 
tivity to the CP-violating phase This dependence is 
even more pronounced at one-loop level, changing the 
mass value by up to 9 GeV for e [0, tt/S]. The 
grey areas are the parameter regions which are excluded 
due to the experimental constraints from LEP, Teva- 
tron and LHC, the dashed region excludes the param¬ 
eter regions where the criteria of compatibility with the 
Higgs excess around 125 GeV cannot be fulfilled any 
more. See 1117811 for details. The two-loop corrections 
at Ogatas) based on a mixed DR-on-shell renormaliza¬ 
tion scheme 11801 have been provided for both DR and 
on-shell renormalization in the top/stop sector. For the 
light Higgs boson masses, the corrections turn out to be 
important and are of the order of 5-10% for the SM-like 
Higgs boson, depending on the adopted top/stop renor¬ 
malization scheme. An estimate of the remaining the¬ 
oretical uncertainties due to missing higher order cor¬ 
rections, by varying the renormalization scheme in the 
top/stop sector, shows, that the uncertainty is reduced 



Figure 9: Tree-level (dashed) and one-loop (full) mass M //3 as a func¬ 
tion of (Pk. The exclusion region due to LEP, Tevatron and LHC data 
is shown as grey area, the region with the SM-like Higgs boson not 
being compatible with an excess of data around 125 GeV as dashed 
area. Taken from Ref. ITtsI . 
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from one- to two-loop order. The difference in the mass 
values of the SM-like Higgs boson for the two schemes 
decreases from 15-25% to below 1.5%. These two- 
loop corrections together with the one-loop corrections 
have been implemented in the Fortran package Nmssm- 
CALC II182L which provides besides the loop-corrected 
Higgs boson masses in the real and complex NMSSM 
also the NMSSM Higgs branching ratios including the 
state-of-the-art higher order corrections and the relevant 
off-shell decays. 

Not only the Higgs boson masses but also the Higgs 
self-interactions arise from the Higgs potential, and they 
can hence not be separated from each other. In or¬ 
der to consistently describe the Higgs sector includ¬ 
ing higher-order corrections, it is therefore not suffi¬ 
cient to only correct the Higgs boson masses. The 
trilinear and quartic Higgs self-interactions have to be 
evaluated at the same order in perturbation theory and 
within the same renormalization scheme as the Higgs 
boson masses to allow for a consistent description of the 
Higgs boson phenomenology. The trilinear Higgs self¬ 
couplings play a role in the determination of the Higgs 
boson branching ratios into SM particles, in the evalua¬ 
tion of Higgs-to-Higgs decays and in Higgs pair produc¬ 
tion processes. The one-loop corrections to the trilinear 
Higgs self-couplings of the CP-conserving NMSSM in 
the Feynman-diagrammatic approach have been evalu¬ 
ated in II181II by applying the mixed DR-on-shell renor¬ 
malization scheme, used also for the one-loop correc¬ 
tions to the Higgs boson masses presented here and in¬ 
troduced in II172I . Table summarizes the Higgs pair 
production cross section values for gluon fusion in sce¬ 
narios where the heavy CP-even is large enough to 
allow for the production of a pair of SM-like Higgs 
bosons. Here ctt denotes the cross sections calculated 
using the effective tree-level trilinear Higgs couplings, 
while the cross section values crp use the effective loop- 
corrected trilinear Higgs self-couplings. The differences 
in the cross sections due to the inclusion of loop correc¬ 
tions in the trilinear Higgs self-couplings can be sub¬ 
stantial, ranging from nearly 40% to almost 90% in 
terms of the tree-level cross section for the chosen sce¬ 
narios. 

The NMSSM with its increased parameter set in 
the Higgs sector and in the soft SUSY breaking La- 
grangian allows for a large playground in Higgs bo¬ 
son phenomenology. We have performed extensive pa¬ 
rameter scans in the NMSSM by taking into account 
the constraints from the LHC Higgs data, from the 
LHC searches for SUSY particles and the ones aris¬ 
ing from Dark Matter, low-energy observables and from 
the LEP and Tevatron data. In Ref. I1183II we have 





d 

Point 1 

432.4(3) 

96.08(7) 

-0.78 

Point 2 

181.5(3) 

55.92(2) 

-0.69 

Point 3 

533.9(4) 

265.5(2) 

-0.50 

Point 4 

413.3(3) 

53.05(4) 

-0.87 

Point 5 

43.24(2) 

69.05(5) 

0.60 


Table 4: The total cross sections in fb for pp HtHi through gluon 
fusion at yfs = 14 TeV, with Hi being the SM-like Higgs boson, eval¬ 
uated with tree-level (cr^) and loop-corrected (ctl) effective trilinear 
Higgs couplings. The deviation in the cross sections is quantified by 
6 = (ctl - crT)lcrT. For details, see (HD. 

shown that scenarios can be found that are compati¬ 
ble with all constraints and can accommodate the en¬ 
hanced di-photon final state rate, which was then still 
present both in the ATLAS and CMS data. This can 
be achieved even for rather light stop masses without 
large fine-tuning. The scan of Ref. II 18411 shows that 
there is a substantial amount of parameter space with 
Higgs boson masses and couplings compatible with the 
LHC results. If guided by fine-tuning considerations, 
the next-to-lightest Higgs boson H 2 being the SM-like 
state is favoured. However, dropping this assumption 
also leads to Hi being the SM-like scalar or even scenar¬ 
ios where Hi and H 2 are almost degenerate in mass and 
close to 125 GeV. The extensive survey of the NMSSM 
performed in 11851 revealed that the natural NMSSM, 
which we defined to be characterized by rather small k 
values, low tanyS and an overall Higgs spectrum below 
about 530 GeV, can be tested at the next run of the LHC 
with a c.m. energy of 13 TeV. This relies on exploiting 
also Higgs production from Higgs-to-Higgs decays and 
Higgs decays into a Higgs and gauge boson pair. Focus¬ 
ing subsequently on these cascade decays, we found that 
within the NMSSM exotic final state signatures with 
multi-photon and/or multi-fermion final states at signif¬ 
icant rates can be possible arising from one or several 
Higgs cascade decays. They furthermore give access to 
the trilinear Higgs self-couplings. These interesting and 
sometimes unique signatures should be taken into ac¬ 
count when designing analysis strategies for the LHC. 

6. Higgs Coupling Measurements and Implications 

for New Physics Scales 

According to the present data the observed Higgs par¬ 
ticle is in good agreement with SM expectations. The 
experimental uncertainties are still large though and al¬ 
low for interpretations in models beyond the SM as we 
have seen in the previous sections. The high-energy and 
high-luminosity run of the LHC will increase the preci- 
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coupl. 

LHC 

HL-LHC 

LC 

HL-LC 

comb. 

hWW 

0.09 

0.08 

0.011 

0.006 

0.005 

hZZ 

0.11 

0.08 

0.008 

0.005 

0.004 

htt 

0.15 

0.12 

0.040 

0.017 

0.015 

hbb 

0.20 

0.16 

0.023 

0.012 

0.011 

hrr 

0.11 

0.09 

0.033 

0.017 

0.015 

hyy 

0.20 

0.15 

0.083 

0.035 

0.024 

hgg 

0.30 

0.08 

0.054 

0.028 

0.024 

h ■ 

'hnyis 

— 

— 

0.008 

0.004 

0.004 


Table 5: Expected accuracy at the 68% C.L. with which fundamen¬ 
tal and derived Higgs couplings can be measured; the deviations are 
defined as g = ^sm[ 1 =*= compared to the Standard Model at the 
LHC/HL-LHC (luminosities 300 and 3000 fb"^), LC/HL-LC (ener¬ 
gies 250-1-500 GeV / 250-1-500 GeV-i-1 TeV and luminosities 250-1-500 
fb-i / 1150-^1600-^2500 and in combined analyses of HL-LHC 

and HL-LC. For invisible Higgs decays the upper limit on the under¬ 
lying couplings is given. Taken from QHl. 

sion on the data. Thus the precision on the Higgs cou¬ 
plings will improve from at present several tens of per¬ 
cent to about 10% in the high-luminosity (HL-LHC) op¬ 
tion 1186111901 . A future e^e~ linear collider (LC) I189L 
HSU can improve the accuracy to about 1%, c/ Table 
Deviations in the interactions of the Higgs boson from 
their SM values can arise if the Higgs mixes with other 
scalars, if it is a composite particle or a mixture between 
an elementary and composite state (partial composite¬ 
ness) or through loop contributions from other new par¬ 
ticles. Depending on the strength and type of the cou¬ 
pling between the new physics and the Higgs boson, the 
limits derived from the Higgs measurements can exceed 
those from direct searches, EW precision measurements 
or flavor physics. Higgs precision analyses can thus be 
sensitive to new physics residing at scales much higher 
than the VEV and open a unique window to new physics 
sectors that are not yet strongly constrained by existing 
results. The effective held theory approach allows to 
study a large class of BSM models in terms of a well de¬ 
fined quantum held theory. It cannot account, however, 
for effects that arise from light particles or from Higgs 
decays into new non-SM particles. In order to give a 
complete picture of BSM effects in the Higgs sectors, 
therefore also specific BSM models capturing such fea¬ 
tures have to be studied. In the following a few exam¬ 
ples for both approaches shall be highlighted, based on 
Ref. nm, where more details and further investigated 
models can be found. 

Based on operator expansions OHa deviations from 
the SM coupling values can be estimated to be of the 
order of 

(31) 


where v denotes the VEV of the SM held and A » v 
the characteristic BSM scale. Note that this does not 
hold in case the underlying model violates the decou¬ 
pling theorem. Assuming experimental accuracies of 
A = 0.2 down to 0.01 implies a sensitivity to scales of 
order A ~ 550 GeV up to 2.5 TeV. The smaller bound 
is complementary to direct LHC searches whereas the 
larger of the two bounds in general exceeds the di¬ 
rect LHC search range. If the Higgs coupling devia¬ 
tions are due to vertex corrections generated by virtual 
contributions of new particles, a suppression factor of 
1/(16;:^) has to be taken into account in addition to po¬ 
tentially small couplings between the SM and the new 
fields. Hence only new scales not in excess of about 
M < v/( 47 r VA) ~ 200 GeV can be probed, which in 
most models is much less than the direct search reach at 
the LHC. 

The extracted limits on the effective scales from 
the contributions of the dimension -6 operators taking 
into account the coupling precisions of Table are 
shown in Eig.[^ They have been obtained with Sfitter 
I186II188II after defining the effective scales A^ that are 
obtained by factoring out from the operators typical co¬ 
efficients like couplings and loop factors. Eurthermore, 
in the loop-induced couplings to the gluons and photons 
only the contributions from the contact terms are kept. 
The effects of the loop terms are already disentangled at 
the level of the input values A. 



Figure 10: Effective NP scales A* extracted from the Higgs coupling 
measurements collected in Table[^ (The ordering of the columns from 
left to right corresponds to the legend from up to down.) For details, 
seefl^. 

As a last example, the interpretation of the current 
Higgs coupling measurements in terms of a 2-Higgs- 
Doublet Model (2HDM) is shown. Here the Higgs cou¬ 
pling modifications are due to mixing effects, with the 
physical states being mixtures of the components of two 
doublets 01 and 02 I196l4200ll . The scalar potential can 


g = .gsM[l + A] : A = 0{v^lK), 
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Figure 11: Allowed ranges for the modification parameter ^ in a 2HDM in the decoupling limit, based on data from Ref. 12021 . The plots show the 
correlated relative log-likelihood -2 A(log X) as a function of tan/7, from Ref. 1 ^ . 


be cast into the form 

V = + m22ltp2l^ - mi2(cpl(p2 + h.c) 

+ + '^21^2^ + ^3l^lPl^2f + ^a\4>\‘I>2?' 

+ \A^K<p\(l>2f + h.c\. (32) 

By imposing a global Z 2 discrete symmetry, under 
which 01,2 ^ + 01 , 2 , it can be achieved that one type 
of fermions couples only to one Higgs doublet. This 
ensures the natural suppression of flavor-changing neu¬ 
tral currents. In the potential Eq. ( [3^ such a symmetry 
has been assumed, softly broken by the term cx The 
Higgs fields acquire vacuum expectations values, vi and 
V 2 , withVj+V 2 = and tanyS = V 2 /V 1 . Depending on the 
Z 2 charge assignments, the following four cases of cou¬ 
pling the Higgs doublets to fermions are possible 1120 111 : 

• type I: all fermions couple only to 02 ; 

• type II: up-/down-type fermions couple to 02 / 0 i, 
respectively; 

• lepton-specific: quarks couple to 02 and charged 
leptons couple to 0 i; 

• flipped: up-type quarks and leptons couple to 02 
and down-type quarks couple to 0 i. 

Note that the MSSM is a special case of the general 
2HDM type-II. After EWSB the Higgs sector features 
five physical Higgs states, two neutral CP-even ones 
one neutral CP-odd one and two charged 
Higgs bosons H-. In the so-called decoupling limit the 
masses of the heavy Higgs bosons and H- are 

much larger than v and the physics of the light Higgs 
boson can be described by an effective theory II200II . 
The properties of the lightest CP-even Higgs boson 
are close to the SM. Eigure shows the shape of the 
decoupling limit in the different model setups. Type-I 
models are preferred in a comparably wide parameter 


range which is due to the fact that it separates Higgs 
couplings to gauge bosons and fermions. This makes 
it easy to accommodate the slightly enhanced H ^ rr 
rate. So far none of the analyses based on the Higgs 
couplings measured at the LHC has shown a clear sign 
for such mixing effects. Eurther discussions within typ¬ 
ical scenarios and models that are archetypal examples 
for a much larger class of models can be found in 11951 . 

7. Conclusions 

While the properties of the new particle recently dis¬ 
covered at the LHC are consistent with those expected 
for the Higgs boson of the Standard Model, the present 
experimental precision still leaves room for interpre¬ 
tations within BSM extensions. These can be either 
strongly interacting theories, or rely on weak interac¬ 
tions as e.g. supersymmetric models. In order to test a 
wide range of new physics scenarios in a more model- 
independent way, the effective Lagrangian approach can 
be applied for the interpretation of the data. Such an 
approach is valid as long as the new physics scale is 
well above the Higgs mass value. The interpretation of 
LHC data through effective Lagrangians must be com¬ 
plemented by analyses within specific models in order 
to take into account effects from low-lying resonances. 

Composite Higgs models are specific realizations of 
models based on strong dynamics. They are heavily 
constrained by electroweak precision data, however still 
in accordance with the LHC data, in particular when 
new heavy quarks are taken into account. We have dis¬ 
cussed in detail the compatibility of composite Higgs 
models with the LHC results and the role of new heavy 
quarks in the loop-induced single and double Higgs pro¬ 
duction processes through gluon fusion. 

Supersymmetric models, on the other hand, are 
weakly interacting. In the minimal version, the MSSM, 
a sufficiently large Higgs mass of 125 GeV can only be 
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achieved for heavy stops and/or large mixing, whereas 
the next-to-minimal model (NMSSM) with its enlarged 
parameter space can accommodate the Higgs mass more 
easily. In order to distinguish various SUSY mod¬ 
els from each other, and from other BSM extensions, 
higher-order corrections are essential. Only the high- 
precision calculations allow to correctly interpret the ex¬ 
perimental data. We have reported on recent progress in 
higher-order calculations to MSSM Higgs boson pro¬ 
duction in association with heavy quarks and on the 
calculation of NMSSM Higgs boson masses and self¬ 
interactions. 

Finally, we have presented the conclusions that can be 
drawn on the scale of new physics from high-precision 
measurements of the Higgs couplings at the upcoming 
LHC runs, and at a future e^e~ linear collider. 
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